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Abstract Several populations with diVerent metal tol-
erance, uptake and root-to-shoot transport are known
for the metal hyperaccumulator plant Thlaspi caerules-
cens. In this study, genes diVerentially expressed under
various Zn exposures were identiWed from the shoots of
two T. caerulescens accessions (calaminous and non-cal-
aminous) using Xuorescent diVerential display RT-
PCR. cDNA fragments from 16 Zn-responsive genes,
including those encoding metallothionein (MT) type 2
and type 3, MRP-like transporter, pectin methylester-
ase (PME) and Ole e 1-like gene as well as several
unknown genes, were eventually isolated. The full-
length MT2 and MT3 sequences diVer from those previ-
ously isolated from other Thlaspi accessions, possibly
representing new alleles or isoforms. Besides the diVer-
ential expression in Zn exposures, the gene expression
was dependent on the accession. Thlaspi homologues of
ClpP protease and MRP transporter were induced at
high Zn concentrations. MT2 and PME were expressed
at higher levels in the calaminous accession. The MTs
and MRP transporter expressed in transgenic yeasts
were capable of conferring Cu and Cd tolerance,
whereas the Ole e 1-like gene enhanced toxicity to
these metals. The MTs increased yeast intracellular Cd
content. As no signiWcant diVerences were found
between Arabidopsis and Thlaspi MTs, they apparently
do not diVer in their capacity to bind metals. However,
the higher levels of MT2 in the calaminous accession
may contribute to the Zn-adapted phenotype.
Keywords Cadmium · DiVerential display RT-PCR · 
Metal hyperaccumulation · Thlaspi · Zinc
Abbreviations
FDD Fluorescent diVerential display
MT Metallothionein
PME Pectin methylesterase
RT-PCR Reverse-transcription polymerase-chain 
reaction
Introduction
Zinc is an essential micronutrient required for a variety
of functions in cellular metabolism, while being toxic at
higher concentrations. Some plants have the ability to
withstand, even accumulate, large quantities of Zn. In
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978 Planta (2007) 225:977–989these hyperaccumulators, metals are extensively mobi-
lized, taken up by the plant into the roots and loaded
into the xylem. Once in the shoots, the metal excess is
sequestered, e.g. in the mesophyll vacuoles and apop-
last (Frey et al. 2000; Ma et al. 2005). Hyperaccumula-
tion is thus a concerted action of several processes.
Thlaspi caerulescens is a Zn and Cd hyperaccumula-
tor with considerable within and between population
variability in the hyperaccumulation trait (Meerts and
Van Isacker 1997; Assunção et al. 2001). Comparison
of T. caerulescens accessions suggests that Zn toler-
ance, transport and accumulation are subject to inde-
pendent variation (Assunção et al. 2003a, b).
Moreover, the Zn accumulation capacity is governed
by more than one gene (Assunção et al. 2006). Zinc
tolerance is dependent on internal Zn sequestration
capacity and, to a lesser extent, on reduced Zn accumu-
lation (Assunção et al. 2003b).
At the molecular level, the most extensively studied
genes from the hyperaccumulator plants are those
encoding transmembrane metal transporters. The
ZNT1 gene, a member of the ZIP (ZRT/IRT-like pro-
teins) transporter gene family, mediates high-aYnity
Zn uptake in T. caerulescens roots (Pence et al. 2000).
The expression of ZNT1 is higher in T. caerulescens
than in the non-accumulator Thlaspi arvense, and is not
down-regulated by elevated Zn, thus potentially result-
ing in the increased Zn uptake (Pence et al. 2000;
Assunção et al. 2001).
The T. caerulescens P-type ATPase, TcHMA4, may
participate in the root-to-shoot transport of Zn. The
gene encoding TcHMA4 was originally isolated using
functional complementation in yeast under Cd expo-
sure (Bernard et al. 2004). The expression of TcHMA4
is induced in the roots by elevated Zn and Cd as well as
by Zn deWciency, and it is proposed to play a role in the
xylem loading of Zn in plant roots (Papoyan and
Kochian 2004).
A few genes suggested to play a role in the intracel-
lular Zn sequestration have also been isolated. The T.
caerulescens ZTP1 (Assunção et al. 2001) is highly
homologous to Arabidopsis thaliana MTP1 (formerly
ZAT1), a member of the cation diVusion facilitator
family of transporters involved in vacuolar Zn seques-
tration (van der Zaal et al. 1999; Kobae et al. 2004).
The ZTP1 gene is more highly expressed in the roots
and shoots of a Zn-tolerant T. caerulescens accession,
suggesting that this gene may contribute to Zn toler-
ance (Assunção et al. 2001).
Metallothioneins (MTs) are suggested to contribute
to metal buVering in T. caerulescens (Roosens et al.
2004, 2005). Other metal chelators such as organic
acids or amino acids, particularly histidine and nico-
tianamine have also been connected to metal tolerance
or hyperaccumulation in plants (Krämer et al. 1996;
Sarret et al. 2002; Vacchina et al. 2003; Weber et al.
2004).
Despite recent advances the molecular basis of
metal hyperaccumulation is still largely unresolved.
With cross-species microarray (Weber et al. 2004;
Becher et al. 2004; Hammond et al. 2006) there is a risk
that important genes with low sequence identity will
not be detected. Although a T. caerulescens speciWc
cDNA array has been made (Plessl et al. 2005), the
number of cDNA sequences is still far from that
needed to make a “whole-genome” cDNA array
(Rigola et al. 2006). Non-targeted approaches, such as
diVerential display (DD), are viable alternatives. As
demonstrated by Mandaokar et al. (2003), additional
diVerentially expressed genes were found from Arabid-
opsis with DD compared to microarray. DD (Liang
and Pardee 1992) has been applied for the isolation of
genes involved in many processes in Arabidopsis, such
as in the response to light (Dunaeva and Adamska
2001) and Cd (Suzuki et al. 2001), and in dormancy and
germination (Toorop et al. 2005). In the present study,
diVerentially expressed genes were identiWed by com-
paring shoot transcript patterns of two T. caerulescens
accessions exposed to 0.2 or 500 M Zn.
Materials and methods
Plant materials
Two T. caerulescens accessions were used. Accession
La Calamine (LC) originates from soil contaminated
with calamine ore waste (Zn, Cd, Pb) near La Cala-
mine, Belgium. Accession Lellingen (LE) is from non-
metalliferous soil at Lellingen, Luxembourg (Meerts
and Van Isacker 1997). LC is much more Zn-tolerant
than LE, whereas Zn accumulation is higher in LE
than in LC (Assunção et al. 2001). The seeds were ger-
minated in a 1:1:1 mixture of B2 peat, sand and garden
compost. Six-week-old plants were transferred to 6-l
pots (20 plants pot¡1) Wlled with nutrient solution
described by Shen et al. (1997; experiment 2, Wnal treat-
ment), which contained (mmol m¡3): 400 Ca(NO3)2,
200 MgSO4, 200 K2HPO4, 9.2 H3BO3, 1.8 MnSO4, 0.2
Na2MoO4, 0.32 CuSO4, 10.8 Fe(III)EDTA and 0.2
ZnSO4. The solutions were continuously aerated and
changed twice a week. The experiment was performed
in a climate chamber (20/18°C day/night; 150 mol
m¡2 s¡1, 14 h day¡1). After 4 weeks, the plants were
exposed to four diVerent Zn concentrations (0.2, 25,
100 and 500 M ZnSO4). After 1-week exposure, the123
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gen and stored at ¡80°C.
RNA isolation
Total RNA was isolated from frozen plant tissue (2 g)
with the cetyltrimethylammoniumbromide method (Chang
et al. 1993). For Northern analysis, the plant RNA
isolation kit (Qiagen) was used.
Fluorescence DD RT-PCR
The DNase-treated total RNA (0.5 g), isolated from
the shoots of LC and LE grown at 0.2 or 500 M
ZnSO4, was reverse transcribed into 12 cDNA pools
using oligo-dT primers (Table 1). The cDNAs were
ampliWed with the same oligo-dT primers in combina-
tion with four arbitrary and two family-targeted prim-
ers labelled with Xuorochrome Cy5 (Amersham
Biosciences). The MT-targeted primer (MtU) was
designed based on the Cys-rich domain of Arabidopsis
MT2 genes, and the ZIP-targeted primer (ZnU) based
on the transmembrane domain VII of ZIP-type genes
(Grotz et al. 1998). The estimated cDNA fragment
lengths were designed to cover less than 200 bp of the
coding regions. The PCR program was: 4 min at 94°C,
4 cycles of 1 min at 94°C, 4 min at 40°C, 1 min at 72°C,
then 25 cycles of 45 s at 94°C, 2 min at 60°C, 1 min at
68°C, and the Wnal 6 min at 72°C. All PCR reactions
were carried out in duplicate. The absence of DNA
was conWrmed by including RNA without reverse
transcriptase in Xuorescence diVerential display
(FDD). No ampliWcation was ever detected in these
controls, indicating that the fragments isolated were
ampliWed from the cDNAs. A 4-l aliquot of the PCR
reactions containing Cy5 labelled internal sizer (100 or
300 bp) was applied to automated sequencer (ALFex-
press) and the data were analysed using ALFwin frag-
ment analyser (Amersham Biosciences). Whenever
diVerences were found in the cDNA patterns, the PCR
samples were subjected to manual run in 6% polyacryl-
amide gel. The cDNA fragments were excised from the
gels, precipitated and ampliWed using the same PCR
conditions as in the DD RT-PCR. After TOPO-TA
cloning (Invitrogen), the fragments were sequenced.
Sequence analysis
The sequences were analysed using TAIR WU-
BLAST2 with AGI Transcripts dataset (¡introns,
+UTRs) and BLASTn at NCBI. Matches were consid-
ered relevant when the E values were below 10¡5.
Alignment of the sequences was done using ClustalW.
Macroarray and Northern analysis
Macroarray analysis was performed as described by
Zhang et al. (1996). The ampliWed cDNA fragments
from Wve to ten individual clones originating from the
same DD band were denatured and applied to dupli-
cate nylon membranes with bio-dot microWltration
apparatus (Bio-Rad Laboratories). Radioactively
labelled cDNA probes were prepared from 10 g of
RNA isolated from the shoot samples of LC and LE
(0.2 and 500 M Zn). Equal 32P counts of puriWed
probes were used in the hybridizations. Two fragments
expressed at equal intensities in all samples in the DD
were used as controls to monitor equal labelling. For
Northern analysis, 20 g of total RNA were used. The
RNA samples were size-separated and hybridized
according to standard procedures using 32P-dCTP
labelled cDNA fragments as probes.
Microarray
For microarray analysis, a diVerent set of Zn-exposed
LC and LE plants was used (Plessl et al. 2005). The
growth conditions were as described by Assunção et al.
(2003a). Seedlings grown for 3 weeks in moist peat
were transferred to hydroponic solution and, after
1 week of cultivation, were exposed to 0, 2, 10 or
100 M ZnSO4, LC also to 1,000 M ZnSO4 for addi-
tional 2 weeks. RNA extraction, microarray design and
analysis are described by Plessl et al. (2005). The
means of four separate experiments derived from a
Table 1 Oligo-dT (T1–T12), arbitrary (U1–U4) and family-spe-
ciWc primers (ZnU and MtU) used in the DD
Primer 
name
Primer sequence
T1 CGGAATTCGGT12AA
T2 CGGAATTCGGT12AC
T3 CGGAATTCGGT12AG
T4 CGGAATTCGGT12AT
T5 CGGAATTCGGT12CA
T6 CGGAATTCGGT12CC
T7 CGGAATTCGGT12CG
T8 CGGAATTCGGT12CT
T9 CGGAATTCGGT12GA
T10 CGGAATTCGGT12GC
T11 CGGAATTCGGT12GG
T12 CGGAATTCGGT12GT
U1 ACGGGAATTCGGTACTAAGG
U2 GCCCGAATTCTCCATGACTC
U3 ACGGGAATTCGACCATTGCA
U4 GGCCGAATTCATGGTAGTCT
ZnU GCGTGAATTCCTTCTAGCTG
MtU AGTCGAATTCTGCAAGTGCG123
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population were calculated.
Isolation of full-length cDNAs
Thlaspi caerulescens lambda cDNA library was made
from the shoots of LC exposed to 10 M ZnSO4.
Library construction and screening are described by
Assunção et al. (2001). Full-length MT2, MT3, Ole e 1-
like and MRP genes were isolated from the library
using the cDNA fragments obtained from DD as
probes. The probes were labelled with 32P using ran-
dom priming (Rad prime kit, Invitrogen). Membranes
were washed under stringent conditions (twice with
0.1 £ SSC; 1% SDS at 65°C).
Yeast complementation analysis
Full-length MT2, MT3, Ole e 1-like and MRP from T.
caerulescens accession LC, and MT2a and MT3 from
Arabidopsis were cloned into yeast shuttle vector
pAJ401. For double transformation TcOle e 1 was also
cloned into vector pRS415. The constructs were trans-
ferred into a common laboratory yeast strain Saccharo-
myces cerevisiae DBY746 (MAT, his3-del1, leu2-3,
leu2-112, ura3-52, trp1-289, Cyhr, cir+) for Cu and Cd
tolerance analysis, and into the ycf1 mutant yeast strain
JWY53 (MAT, leu2-3, -112, ura3-52, his3- 200, trp1-
 901, lys2-801, suc2- 9, Mel-, ycf1-1::hisG) for the
determination of intracellular Cd content. Transforma-
tion was done according to Gietz et al. (1992).
For metal tolerance assay, 100 l of overnight cul-
ture was mixed with top agar (5 ml YPAD, 1.5% aga-
rose) and poured on YPAD plates. Metal solutions
(0.1 M CuSO4 or 2 mM CdSO4) were applied on Wlter
discs placed on the surface of the top agar. After 1-day
incubation at 30°C, the inhibition zones around the
Wlter discs were measured.
Intracellular Cd content was analysed according to
Bernard et al. (2004) after 24-h exposure of the yeasts
to 5 M CdSO4 by using atomic absorption spectro-
photometer (Perkin-Elmer AAS 5100).
Results
Fluorescent DD was used for searching diVerentially
expressed genes from the shoots of two T. caerulescens
accessions (LC, LE) exposed to two diVerent Zn con-
centrations (0.2 or 500 M) in hydroponics for 1 week.
These comparators were chosen to cover at once diVer-
ences between the Thlaspi accessions and their
response to Zn exposure. Twelve oligo-dT primers
were used in combination with four arbitrary and two
family-targeted primers (Table 1). The family-targeted
primers were designed to amplify sequences related to
the metal-binding domain of MT or the transmem-
brane domain of ZIP-like transporter in order to
increase the chances of Wnding genes homologous to
those already suggested to contribute to metal toler-
ance and transport. Altogether 576 reactions plus
negative controls were run, including all primer combi-
nations in all plant samples in duplicate.
Altogether 35 diVerentially expressed cDNA frag-
ments were isolated and cloned. Sequence analysis
indicated that four fragments (2, 9, MT2, MT3;
Table 2) were isolated at least twice, usually with
diVerent primer combinations. This multiple priming is
a known phenomenon (Suzuki et al. 2001). Eventually
16 cDNA fragments that generated signals in subse-
quent expression analyses were arranged (Table 2).
The annotated Thlaspi cDNAs share 87–90% (88% on
average) sequence identity with Arabidopsis genes in
coding regions, which is in line with previous studies
(Peer et al. 2003; Rigola et al. 2006). In FDD, ampliW-
cation is based on poly-A signal and thus the cDNA
fragments contain the 3-UTR, which is usually more
variable than the coding sequence. The length of the
3-UTR was 250 bp on average, while the average
length of the cDNAs was 375 bp. The sequence iden-
tity decreased to 58–90% (76% on average) when the
UTR regions were taken into consideration.
In the database search, homology was found for 13
cDNAs (Table 2). Three fragments (2, 34, 37) had no
signiWcant homology in the Arabidopsis database or
nucleotide or EST databases at NCBI. All three frag-
ments were less than 200 bp in length, most likely rep-
resenting 3-UTRs. Two fragments (9, 21) showed
highest homology to Arabidopsis intergenic regions
where no cDNAs are annotated. Interestingly, the
genes corresponding to these Wve sequences (2, 9, 21,
34, 37) were all expressed in Thlaspi.
Expression of the isolated cDNA fragments was
studied with macroarray to conWrm that correct
cDNAs corresponding to the DD bands of interest
were cloned. This was done by blotting the cDNA frag-
ments onto duplicate membranes and hybridizing with
0.2 and 500 M Zn-exposed shoot samples of the Thl-
aspi accession from which the fragments were origi-
nally isolated. Table 3 exempliWes the diVerential
expression of genes originating from LE exposed to
0.2 M Zn. The expression of selected genes in the
shoots was subsequently studied with Northern analy-
sis (Fig. 1). The fragments were also included in micro-
array and hybridized to a diVerent set of Zn-exposed
root samples of both accessions (Table 4).123
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Two cDNAs with high homology to plant MTs were
found (TcMT2a-LC, TcMT3-LC). Fragment 12 (265 bp)
has high homology to Arabidopsis MT2. The deduced
translation product contains an eight amino acid
sequence (KCDPCTCK) identical to the Cys-rich
C-terminal domain of AtMT2a, with one amino acid
diVerence to AtMT2b (KCNPCTCK). The deduced
amino acid sequence of the full-length cDNA, isolated
from Thlaspi cDNA library, is also highly homologous
to that of AtMT2a (90% sequence identity), most of
the diVerences being present in the spacer region
between the Cys-rich domains (Fig. 2). The sequence
identity of TcMT2a-LC to AtMT2b is lower (80%)
with diVerences also in the N-terminal Cys-rich region.
We thus propose to call this gene TcMT2a-LC accord-
ing to the accession from which this allele was isolated.
Interestingly, TcMT2a-LC derived amino acid sequence
diVers considerably from the predicted TcMT2 sequence
of T. caerulescens accession St Félix-de-Pallières (TcMT2-
FP; Roosens et al. 2005; Fig. 2).
Because of rather high sequence similarity between
TcMT2a-LC and the hypothetical TcMT2b (if present
in Thlaspi and homologous to the corresponding Ara-
bidopsis gene), fragment 12 instead of the full-length
cDNA was used as a probe in subsequent expression
studies. Most of this fragment consists of 3-UTR
which would probably be more variable between MT2a
and hypothetical MT2b. In line with FDD, Northern
analysis indicated higher expression in LC shoots at
elevated Zn (25, 100, 500 M), while in LE the expres-
sion was stronger at low (0.2 M) or at high (500 M)
Zn exposures (Fig. 1). Overall, the transcript levels
were higher in LC than in LE. Also in the roots the
expression was 3.7–6.4-fold in LC compared to LE at 0,
2, and 10 M Zn (Table 4). At high Zn concentrations,
no induction was apparent in LC roots. In LE roots,
the expression was up-regulated by Zn deWciency and,
more pronounced, at 100 M compared to 2 M Zn
(Table 4), indicating a similar tendency to that in the
shoots.
Table 2 List of diVerentially expressed fragments isolated from T. caerulescens and comparison to Arabidopsis genes of which the best
hit is presented
Cut-oV value for homology is E = 1.0e¡5 (10¡5)
No fragment number, Acc accession, LE Lellingen, LC La Calamine
No Acc Size (bp) Primers Best homology ID number E-value
Isolated from Zn-exposed samples
2 LC 123 T1/U2 No homology found
9 LE 460 T1/MtU A. thaliana chloroplast NC_000931 1.4e¡74
12 LC 265 T2/U3 AtMT2a At3g09390 1.9e¡09
14 LC 390 T2/ZnU Pectinesterase At3g59010 8.5e¡26
19 LC 391 T3/MtU AtMT3 At3g15353 7.4e¡30
22 LE 465 T3/ZnU A. thaliana expressed protein At2g15960 2.1e¡41
40 LC 1,050 T11/ZnU AtMRP10 At3g62700 5.4e¡178
Isolated from non-exposed samples
1 LE 219 T1/U1 Ole e 1 allergen and 
extensin-family protein
At1g78040 2.3e¡07
4 LE 300 T1/U2 Respiratory burst oxidase protein D At5g47910 1.5e¡11
13 LC 525 T2/U4 Regulator of chromosome 
condensation (RCC1) family protein
At3g26100 1.0e¡60
20 LE 208 T3/ZnU Nuclear RNA binding protein (RGGA) At4g16830 7.4e¡13
21 LE 205 T3/ZnU A. thaliana hypothetical protein, genomic At5g26730 1.3e¡10
24 LE 553 T5/U3 ATP-dependent Clp protease subunit Atcg00670 7.5e¡12
26 LC 456 T6/U4 A. thaliana expressed protein At3g15310 2.4e¡06
34 LE 194 T9/ZnU No homology found
37 LE 193 T10/ZnU No homology found
Table 3 Macroarray hybridization of the fragments isolated
from LE at 0.2 M Zn
The ratio of the normalized intensity of hybridization signals be-
tween LE shoots exposed to 0.2 M versus 500 M Zn is given
Fragment (number) LE 0.2/LE 500
Respiratory burst 
oxidase D
4.9
RNA binding 
protein RGGA
3.4
Hypothetical 
protein (21)
11.9
Clp protease 3.2
Unknown (34) 2.4
Unknown (37) 4.5123
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primed, and a homologous fragment was isolated from
LE. The cDNA fragment as well as the deduced amino
acid sequence of the full-length cDNA has the highest
homology to T. caerulescens TcMT3 from St Félix-de-
Pallières (TcMT3-FP) and Arabidopsis AtMT3 (Fig. 2).
As there is only a four amino acid diVerence from
TcMT3-FP we refer our cDNA to TcMT3-LC. The
most important diVerences in the amino acid sequences
are present in two Cys residues (Cys11 for Ala11, Gly62
for Cys), the LC and Arabidopsis sequences being
identical.
The MT3 transcript levels in the shoots of both pop-
ulations increased at elevated Zn exposures, as judged
from Northern analysis, but the overall expression was
higher in LE (Fig. 1). Based on microarray analysis,
expression in the roots was twofold in Zn-deWcient LC
compared to LE (Table 4) but the standard deviation
(SD) was high. At other Zn concentrations, the expres-
sion was relatively constant in both populations.
Fig. 1 Northern blots of 
shoot tissues from Zn-ex-
posed (0.2–500 M ZnSO4) 
T. caerulescens accessions LC 
(light grey columns) and LE 
(dark grey columns) probed 
with MT2a, MT3, Ole e 1-like 
gene and fragments 9 and 22. 
The columns show relative 
expression of each gene 
normalized to 18 S RNA
rRNA
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Table 4 Microarray analysis of selected cDNA fragments hybridized with transcripts isolated from the roots of LC and LE exposed to
various Zn concentrations, e.g. LE2 is Lellingen population exposed to 2 M Zn
The ratios of expression between accessions and Zn exposures are given. The cut-oV values used for the ratios were: down-regulation:
·0.5; up-regulation: ¸2.0
SD standard deviation
Fragment LC0/LE0 SD LC2/LE2 SD LC10/LE10 SD LC100/LE100 SD
Accessions
Clp protease 0.5 0.2 0.4 0.2 0.5 0.1 0.3 0.1
TcMRP10 1.5 1.1 3.2 2.7 0.7 0.1 0.1 0.1
TcMT2a 3.7 1.0 6.4 2.3 4.6 2.1 1.6 0.6
TcMT3 2.0 0.7 1.4 0.5 1.2 0.2 1.3 0.1
LE0/LE2 SD LE100/LE2 SD LC100/LC2 SD LC1000/LC10 SD
Zn exposures
Clp protease 0.6 0.2 1.2 0.6 0.6 0.2 3.4 0.7
TcMRP10 1.8 0.5 2.8 2.5 0.1 0.0 4.1 1.3
TcMT2a 2.2 1.1 2.8 0.4 0.4 0.3 0.4 0.1
TcMT3 1.0 0.4 1.1 0.3 1.2 0.4 0.6 0.1123
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TcMT genes were able to complement Cu and Cd sen-
sitivity (Fig. 3a). MT2 allowed the yeast to grow at
higher metal concentrations than did the MT3s, with
no signiWcant diVerence between the Arabidopsis and
Thlaspi genes. The same tendency was seen when
TcMTs were introduced into cup1 or ycf1 mutant yeast
strains. The increased Cd tolerance in the ycf1 mutant
strain is not related to a decreased Cd uptake. On the
contrary, the Cd content of the transformed yeast was
higher (Fig. 3b), suggesting that Thlaspi MTs bind Cd.
There were no signiWcant diVerences in the Cd content
between Arabidopsis and Thlaspi MTs or between type
2 and type 3 MTs. However, in line with the tolerance
tests, yeasts expressing MT2s had slightly higher Cd
contents than did the MT3-transformed yeasts.
MRP transporter
Fragment 40, from Zn-exposed LC was the longest frag-
ment isolated from FDD (ca. 1,000 bp). It is highly
homologous to A. thaliana MRP10 (At3g62700) and
MRP4 (At2g47800; Fig. 4). At deduced amino acid
sequence level, identities are 87 and 82%, respectively.
The almost full-length sequence isolated from Thlaspi
cDNA library showed a similar level of identity to
AtMRP10 and AtMRP4. We call this gene TcMRP10.
The protein has, similarly to those encoded by other MRP
genes, an ABC (ATP-binding cassette) protein signature
as well as Walker A and B motifs (Klein et al. 2006).
In Northern analysis TcMRP10 levels in the shoots
were somewhat higher in LC than in LE, and slightly
induced by Zn in both populations (Fig. 5). The
expression was below the detection limit in the roots.
In microarray, the expression in roots was higher in LC
than in LE (Table 4) and induction by Zn was evident
in both populations.
The nearly full-length TcMRP10 isolated from T.
caerulescens cDNA library lacked Wve 5 codons com-
pared to the Arabidopsis homologue AtMRP10. These
amino acids were introduced by using primers designed
based on the Arabidopsis sequence before introducing
this reconstituted “full-length” cDNA into the yeasts.
In addition, the truncated version, added with the start
codon, was transferred into the yeasts. Both
TcMRP10s provided the yeast a similar capacity to
grow at higher Cu and Cd concentrations, even though
the eVect was less pronounced than with the MT genes
(Fig. 3a). TcMRP had no eVect on yeast Cd content
(Fig. 3b).
Pectin methylesterase
A fragment highly homologous to A. thaliana pectin
methylesterase (PME) (At3g59010) was isolated from
Zn-exposed LC. Macroarray analysis conWrmed that
the expression was higher in LC shoots at 500 M Zn
compared to 0.2 M Zn. Zn deWciency (0 M Zn)
increased the expression in LE compared to that in
2 M Zn (4.3-fold, SD 2.1; microarray). In Zn-deW-
ciency LC roots showed ca. threefold expression com-
pared to LE which has been veriWed in a second
microarray also for LC shoots (data not shown).
Higher (two- to threefold) expression was found in LC
roots compared to LE roots also at 2, 10 and 100 M
Zn exposure in this or in the conWrmatory microarray
study.
ATP-dependent Clp protease
Fragment 24, from LE exposed to 0.2 M Zn shows
similarity to A. thaliana plastid-encoded ATP-depen-
dent ClpP protease subunit, which is part of the endo-
peptidase complex located in the thylakoid membrane.
The expression in LE was higher in the shoots exposed
to 0.2 than to 500 M Zn (Table 3). Even though the
greatest abundance of Clp proteases is found in the
chloroplast, both mRNA and protein can be found in
the roots as well. In Thlaspi, expression in the roots
was higher in LE than in LC at all Zn exposures
(Table 4). In LC roots the level increased at very high
Zn exposures, which was conWrmed in a second micro-
array experiment (data not shown).
Fig. 2 Comparison of deduced amino acid sequences of
TcMT2a-LC (upper panel) with TcMT2-FP (T. caerulescens, St
Félix-de-Pallières accession, 665515), AtMT2a (A. thaliana,
At3g09390) and AtMT2b (A. thaliana, At3g09390); and compar-
ison of TcMT3-LC (lower panel) with TcMT3-FP (T. caerules-
cens, St Félix-de-Pallières accession, AAS99234) and AtMT3 (A.
thaliana, At3g15353). Residues common to the proteins in each
panel are shaded in black, residues common to TcMT2/3-LC and
TcMT2/3-FP in light grey and residues common to TcMT2/3-LC
and AtMT2/3 in dark grey. AtMT2b is included for comparison
          1                                     40 
TcMT2a-LC MSCCGGNCGCGSGCKCGQGCGGCKRNPDLGYSGETTTTET
TcMT2-FP MSCCGGNCGCGSGCKCGNGCGGCKMYPDLGFSGETTTTET
AtMT2a MSCCGGNCGCGSGCKCGNGCGGCKMYPDLGFSGETTTTET
AtMT2b MSCCGGSCGCGSACKCGNGCGGCKRYPDL----ENTATET
          41                                     81 
TcMT2a-LC LVLGVAPAMKNQYEASGERS-AENDACKCGSDCKCDPCTCK
TcMT2-FP  LVLGVAPAMDSQYEASGETFVAENDACKCGSDCKCNPCTCK
AtMT2a    FVLGVAPAMKNQYEASGESNNAENDACKCGSDCKCDPCTCK
AtMT2b LVLGVAPAMNSQYEASGETFVAENDACKCGSDCKCNPCTCK
          1                                     40 
TcMT3-LC MSDKCGSCDCADKTQCVKKSTSYTLDMVETQESYKEAMNM
TcMT3-FP MSDKCGSCDCCDKTQCVTKSTSYTLDMVETQESYKEAMNM
AtMT3 MSSNCGSCDCADKTQCVKKGTSYTFDIVETQESYKEAMIM
          41
TcMT3-LC DVGAEENG--CKCKCGSTCSCVNCTCSPN 67 
TcMT3-FP DVGAEENG--CKCMCGSTCSCVNGTCSPN 67 
AtMT3 DVGAEENNANCKCKCGSSCSCVNCTCCPN 69123
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Fragment 2 with no signiWcant homology in the Ara-
bidopsis database was isolated from Zn-exposed LC.
In FDD it showed an interesting expression pattern,
being up-regulated in LC and down-regulated in LE
shoots by high Zn concentrations. In LE roots, the
expression was 2.4-fold (SD 0.6) in Zn deWciency com-
pared to 2 M Zn.
Fragments 9 and 22 were isolated from Zn-exposed
LE. Fragment 9 has no homologues in the Arabidopsis
cDNA database but shares a high sequence identity
(91%) with an A. thaliana chloroplast genomic
sequence. In Arabidopsis, no cDNAs are annotated to
this region. Northern analysis showed, however, that
the gene was up-regulated in both LC and LE shoots
by Zn (Fig. 1). Fragment 22 represented a full-length
cDNA. It shows homology to A. thaliana expressed
protein (At2g15960) of 77 amino acids, which has no
transmembrane regions or any annotated domains.
Based on Northern analysis, the gene was slightly up-
regulated in LE but not in LC shoots by Zn, but the
expression patterns were complex (Fig. 1).
Fragments 13 and 26 had highest expression in LC
exposed to 0.2 M Zn. Fragment 13 is homologous to
A. thaliana regulator of chromosome condensation
(RCC1) family protein, whereas fragment 26 has
homology to A. thaliana expressed protein. Based on
Fig. 3 a Cu (upper) and Cd 
(lower) tolerance, seen as 
smaller growth inhibition 
zones compared to vector 
control, of a common labora-
tory yeast strain (DBY746) 
expressing Thlaspi MT2a, 
MT3, MRP10 (truncated ver-
sion) or Ole e 1-like or Ara-
bidopsis MT2a or MT3. b Cd 
content of ycf1 yeast strain 
expressing Thlaspi or Arabid-
opsis MTs, Thlaspi MRP10 or 
Ole e 1-like gene. Each toler-
ance test was done at least 
three times. Error bars indi-
cate §SD. *Means signiW-
cantly diVerent from vector 
control at P<0.05 using one-
way ANOVA
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Planta (2007) 225:977–989 985microarray analysis, both fragments were down-regu-
lated in LC roots by 100 M Zn compared to 2 M Zn,
being 0.1-fold (SD 0.0) and 0.5-fold (SD 0.3), respec-
tively. Fragment 26 showed diVerential expression
between the populations, with higher transcript level in
LC than in LE roots at 10 M Zn (3.7; SD 0.6).
Several fragments were isolated from LE exposed to
0.2 M Zn. Fragment 1, which has homology to A. tha-
liana Ole e1 allergen and an extensin-family protein,
was named TcOle e 1-like gene. The deduced amino
acid sequence of the full-length cDNA has 77% iden-
tity to the Arabidopsis homologue. The protein has
Ole e1 (IPR006041) and TonB-dependent receptor
protein signatures (IPR010916), a combination nor-
mally not found in plant proteins according to Prosite
database. The expression was up-regulated by Zn in
the shoots of LC and, to a lesser extent, in LE (Fig. 1).
In LE roots, the gene was up-regulated by 2.7-fold (SD
0.7) in Zn deWciency compared to 2 M Zn. It is of
particular interest that TcOle e 1 made transgenic yeast
more sensitive to Cu and especially to Cd (Fig. 3a).
The increased Cd sensitivity was not related to an
increased Cd uptake in the ycf1 mutant strain (Fig. 3b)
or in the common laboratory yeast strain. In a double
transformant expressing both TcOle e 1 and TcMT2,
the toxic eVects of Cu or Cd were alleviated and the
yeast was able to grow at higher metal concentrations.
Fragment 4, homologous to A. thaliana respiratory
burst oxidase, showed 3.1-fold (SD 0.9) expression in
LE roots in Zn deWciency compared to 2 M Zn. Addi-
tional fragments (20, 21, 34, 37) were also isolated from
LE shoots exposed to 0.2 M Zn (Table 2). The
expression of the corresponding genes was conWrmed
with macroarray analysis (Table 3). These genes were
not investigated any further.
Discussion
The aim of the present study was to identify and isolate
genes that might play a role in the hyperaccumulation
mechanism of the Zn hyperaccumulator plant T. cae-
rulescens. Two diVerent Zn exposures and two Thlaspi
accessions known to diVer in their Zn tolerance, root-
to-shoot transport and accumulation were chosen for
this experiment. The LE accession accumulates
approximately fourfold Zn and has a higher root-to-
shoot accumulation ratio for Zn compared to LC
accession (Assunção et al. 2003a). On the other hand,
LC has much higher tolerance to Zn than does LE.
Two Zn-responsive MT genes, TcMT2a and TcMT3,
apparently involved in the intracellular metal binding,
were identiWed. No other MT genes were found despite
Fig. 5 Northern analysis of TcMRP10 (fragment 40) in LC and
LE accessions after 1-week exposure to Zn. The columns show
relative expression in shoots at 0.2 and 500 M ZnSO4 normal-
ized to 18 S RNA. S shoot, R root
             LC  LE
       0. 2       500      0. 2     500 Zn
     S    R    S    R S    R    S    R
4
3
2
1Re
l. 
ex
pr
es
sio
n
Fig. 4 Comparison of de-
duced amino acid sequence of 
TcMRP10 (fragment 40) with 
A. thaliana glutathione-conju-
gate transporter AtMRP10 
(At3g62700) and AtMRP4 
(At2g47800). Residues com-
mon to all three proteins are 
shaded in black, to TcMRP10 
and AtMRP10 in light grey 
and to TcMRP10 and At-
MRP4 in dark grey. Con-
served ABC transporter 
domains are written in 
boldface type
TcMRP10   1 GVKLDAGTVFTTTTIFKILQEPIRTFPQSMIALSQAMISLGRLDAFMSSRELSGES
AtMRP10 569 GVKLDAGTVFTTTTIFKILQEPIRTFPQSMISLSQAMISLGRLDAYMMSRELSEET
AtMRP4  571 GVKLDAGTVFTTTTIFKILQEPIRTFPQSMISLSQAMISLGRLDSYMMSKELSEDA
                                            P-loop/Walker A
TcMRP10 VERSQGCDGNVAVEIKDGSFSWDDEDDEPAIENINFEVKKGELAAIVGTVGSGKSSLLA
AtMRP10 VERSQGCDGNVAVEIKDGSFSWDDEDDEPAIENINFEVKKGELAAIVGTVGSGKSSLLA
AtMRP4 VERALGCDGNTAVEVRDGSFSWDDEDNEPALSDINFKVKKGELTAIVGTVGSGKSSLLA
Q-loop
TcMRP10 SVLGEMHKLSGTVRVCGSTAYVAQTSWIQNGTVQDNILFGLPMDSSKYNEVLNVCCLDK
AtMRP10 SVLGEMHKLSGKVRVCGTTAYVAQTSWIQNGTVQDNILFGLPMNRSKYNEVLKVCCLEK
AtMRP4 SVLGEMHRISGQVRVCGSTGYVAQTSWIENGTVQDNILFGLPMVREKYNKVLNVCSLEK
                        ABC signature   Walker B  D-loop
TcMRP10 DLQMMEFGDKTEIGERGINLSGGQKQRIQLARAVYQESDVYLLDDVFSAVDAHTGSDIF
AtMRP10 DMQIMEFGDQTEIGERGINLSGGQKQRIQLARAVYQESDVYLLDDVFSAVDAHTGSDIF
AtMRP4 DLQMMEFGDKTEIGERGINLSGGQKQRIQLARAVYQECDVYLLDDVFSAVDAHTGSDIF
TcMRP10 KKCVRGALKGKTVLLVTHQVDFLHNVDCILVMRDGMIVQSGKYDELVSSGLDFGELVAA
AtMRP10 KKCVRGALKGKTILLVTHQVDFLHNVDRILVMRDGMIVQSGKYDELVSSGLDFGELVAA
AtMRP4 KKCVRGALKGKTVLLVTHQVDFLHNVDCILVMRDGKIVESGKYDELVSSGLDFGELVAA
TcMRP10 HETSMELVEAGSASAAAENVP-----TQRTISIEPPRHPQ-----RRVSIDSPR 336 
AtMRP10 HETSMELVEAGSASATAANVPMASPITQRSISIESPRQPKSPKVHRTTSMESPR 916 
AtMRP4 HETSMELVEAGADSAAVATSP-------RTPTSPHASSPR-------TSMESPH 904 123
986 Planta (2007) 225:977–989the use of MT domain speciWc primers, suggesting that
these genes encode MTs particularly relevant under Zn
exposure. It has been proposed that the phloem-
expressed, Cu-inducible AtMT1a and AtMT2b are
involved in the distribution of Cu via phloem, whereas
the chaperone-type MT2a and MT3 would protect the
plant from Cu excess in the root tips and young leaves
(Guo et al. 2003).
The TcMT2a-LC sequence of LC accession was
diVerent from the previously isolated MT2 gene from
T. caerulescens accession St Félix-de-Pallières from
Ganges region (Roosens et al. 2005). The latter
sequence has characteristics from both MT2a and
MT2b types. At this point it is not clear if these
sequences represent diVerent genes or diVerent alleles.
Expression of MT2 in the shoots of T. caerulescens (St
Félix-de-Pallières) was reported to be fourfold com-
pared to A. thaliana. Interestingly, in the present study
diVerences in MT2 expression were observed between
the two T. caerulescens accessions, higher expression
being observed in the shoots at high Zn supply of the
Zn-tolerant, calaminous LC. The expression was also
higher in the roots of LC than in those of the Zn-sensi-
tive LE accession. Based on Southern analysis, the
diVerences in the expression between the two acces-
sions are not due to diVerences in gene copy number
(data not shown). The St Félix-de-Pallières and LC
accessions are equally tolerant to Zn (Assunção et al.
2003a), implying that higher levels of MT2 correlate
with Zn tolerance. Zn treatment increases the expres-
sion of MT2 in the shoots of LC, and also of St Félix-
de-Pallières (Roosens et al. 2005) as well as in Arabid-
opsis seedlings (Zhou and Goldsbrough 1994). The
MT2 expression at low Zn concentrations (0.2 M) in
the shoots was equally high in the sensitive LE and in
the tolerant LC accessions. Since metal accumulation
in LE shoots is high already at low external Zn
(Assunção et al. 2003a), it is possible that the higher
expression reXects an increased requirement/ability for
metal binding.
The TcMT3 alleles isolated from LC and LE acces-
sions were highly homologous in the translated
regions. A diVerent MT3 allele was isolated from the St
Félix-de-Pallières accession (Roosens et al. 2004) that
has higher Cd tolerance and accumulation than LC and
LE. The deduced amino acid sequence of the Cys-
domain was shown to diVer from that of Arabidopsis,
possibly resulting in a larger cavity particularly for Cu
and Cd chelation. The deduced amino acid sequences
of the TcMT3s isolated in the present study do not
share the same Cys-domain modiWcation found in the
St Félix-de-Pallières accession. This has been con-
Wrmed from a full-length cDNA isolated from LC
cDNA library, and further from the genomic sequence
of the MT3 alleles from LC, LE and a serpentine popu-
lation Monte Prinzera (data not shown). In yeast com-
plementation studies, no signiWcant diVerences were
found between Thlaspi and Arabidopsis MT3s in Cd or
Cu exposure, in contrast to the Wndings of Roosens
et al. (2004) who reported that the ability of TcMT3 (St
Félix-de-Pallières) to increase yeast Cu tolerance was
better than that of AtMT3. DiVerences in the MT3
sequences and thus possibly in the function might reX-
ect physiological adaptations to diVerent soil types at
the original location of the T. caerulescens accessions.
The expression of TcMT3 was up-regulated by Zn in
the Thlaspi shoots, higher levels being present in LE
than in LC, particularly at higher Zn exposures. Since
LE is known to accumulate higher concentrations of
Zn in the shoots (Assunção et al. 2003a), the TcMT3
levels appear to reXect the shoot Zn levels and may
thus have a function in metal homeostasis under Zn
exposure.
Two genes with possible roles in metal sequestration
were isolated in the present study, namely those encod-
ing MRP transporter and PME. The MRP was highly
homologous to Arabidopsis MRP10 and MRP4 genes.
AtMRPs belong to a family of membrane-associated
glutathione-conjugate transporters, which forms part
of a superfamily called ABC transporters. In the yeast,
ABC transporters are involved in the vacuolar seques-
tration of Cd (Ortiz et al. 1992; Wemmie et al. 1994).
Bovet et al. (2003) studied the expression of several
AtMRP genes in Cd-exposed A. thaliana. The expres-
sion of four genes, including AtMRP4 and AtMRP10,
was up-regulated exclusively in the roots where Cd is
retained, but expression was also found in the shoots.
In addition, Cu increased the expression of AtMRP3 to
the same degree as did Cd, whereas only a slight induc-
tion was detected with Zn. In our study, TcMRP10 was
up-regulated by high Zn concentrations in the roots
and shoots of both LC and LE, the transcript levels
being higher in the more Zn-tolerant LC. Expression
of TcMRP in the yeast was able to complement Cd and
Cu tolerance to some degree. Similarly, complementa-
tion of Cd sensitivity has been observed previously by
at least AtMRP3 and AtMRP4 (Tommasini et al. 1998;
Klein et al. 2006). In our study the yeast Cd content
was not altered, suggesting that MRP was not able to
sequester Cd to the vacuole. This might be due to the
degradation or inappropriate targeting of the protein
in the yeast. For example, targeting of a vacuolar trans-
porter to outer membrane could result in metal eZux
and hence increase the tolerance without increasing
the Cd content. Neither can it be ruled out that by
introducing the Wrst Wve amino acids from Arabidopsis123
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may have changed. Recent Wndings indicate that MRP
transporters have also other roles besides detoxiWca-
tion, and the vacuolar location has been questioned. In
Arabidopsis, AtMRP4 has a function in stomatal open-
ing (Klein et al. 2004). The possible role of TcMRP10
in metal sequestration thus remains open.
Pectin methylesterase transcript levels were diVer-
ent in the two accessions, higher levels being present in
the more Zn-tolerant LC than in LE. In T. caerules-
cens, Zn is mainly stored in the vacuoles of the leaf
cells (Küpper et al. 1999) but the apoplast is also a
major storage compartment (Frey et al. 2000). PME
may have a role in the apoplastic storage of Zn. PMEs
modify the properties of cell walls by demethylation of
pectin residues, thus creating free carboxylic groups for
interaction with divalent cations. Elevated expression
of PME has been reported in Arabidopsis in long-term
Hg exposure (Heidenreich et al. 2001). PME modu-
lates Al sensitivity, since the free carboxylic groups are
the major apoplastic binding sites for Al (Schmohl
et al. 2000). A genetically modiWed potato cultivar
over-expressing PME had higher Al content and was
more sensitive to Al than was the wild type. It was also
shown recently that the cell wall pectin has an impor-
tant role in Cu accumulation in the fern Lygodium
japonicum (Konno et al. 2005). Higher expression of
PME in LC accession may thus result in an increased
number of free carboxylic groups in the pectin matrix
and thus increase the accumulation of Zn in the apop-
last.
One of the genes isolated in the present study was
Ole e 1-like gene. The expression was up-regulated by
Zn in the shoots of both LC and LE, and by Zn deW-
ciency in the LE roots. Thlaspi Ole e 1-like gene, as
well as the Arabidopsis homologue, contains two
domains, i.e. the Ole e1 allergen (extensin-family of
proteins) and short N-terminal TonB signature. The
bacterial TonB-dependent receptor proteins are
involved in the energized transport of siderophore–
metal complexes through the membranes (Postle and
Kadner 2003). Interestingly, when expressed in yeast,
the TcOle e 1 enhanced the toxic eVects of Cu and,
even more pronounced, of Cd. However, the Cd con-
tent was not altered signiWcantly compared to the con-
trol yeasts, suggesting that Thlaspi Ole e 1 is not
directly involved in Cd uptake or intracellular binding.
The protein may contribute in a complex way to the
maintenance of metal homeostasis or to the energy or
metabolite balance during metal excess, as suggested
by its domain.
One of the isolated genes with strong expression at
high external Zn had a homology to ClpP1 protease.
Clp belongs to a family of plastid proteases, which in
Arabidopsis are constitutive under various stresses
such as high salt (Zheng et al. 2002) and in senescence
(Lin and Wu 2004). However, in E. coli a clp mutant
was found to be more sensitive to environmental
stresses, possibly due to a reduced ability to degrade
misfolded proteins (Thomsen et al. 2002). If ClpP1 is
related to stress responses, its induction by Zn in LC
roots may imply an increased need for protein turnover
at very high external Zn concentrations.
In conclusion, this study is amongst the Wrst attempts
to characterize the diVerences between T. caerulescens
Zn hyperaccumulator populations at the non-targeted
molecular level. Even though a small selection of genes
was identiWed, genes with implications in metal adapta-
tion were isolated. The function of the isolated genes in
planta is currently underway to elucidate their possible
involvement in Zn tolerance or accumulation.
Acknowledgments This project was funded by SYTTY, the
Finnish Research Programme on Environmental Health (project
42511), the Academy of Finland (project 53885) and EC FP5 pro-
ject “PHYTAC” (QLRT-2001-00429). VHH was funded by the
Finnish Graduate School for Environmental Science and Tech-
nology (EnSTe).
References
Assunção AGL, Da Costa Martins P, De Folter S, Vooijs R,
Schat H, Aarts MGM (2001) Elevated expression of metal
transporter genes in three accessions of the metal hyperaccu-
mulator Thlaspi caerulescens. Plant Cell Environ 24:217–226
Assunção AGL, Ten Bookum WM, Nelissen HJM, Vooijs R,
Schat H, Ernst WHO (2003a) DiVerential metal-speciWc tol-
erance and accumulation patterns among Thlaspi caerules-
cens populations originating from diVerent soil types. New
Phytol 159:411–419
Assunção AGL, Ten Bookum WM, Nelissen HJM, Vooijs R,
Schat H, Ernst WHO (2003b) A cosegregation analysis of
zinc (Zn) accumulation and Zn tolerance in the Zn hyperac-
cumulator Thlaspi caerulescens. New Phytol 159:383–390
Assunção AGL, Pieper B, Vromans J, Lindhout P, Aarts MGM,
Schat H (2006) Construction of a genetic linkage map of Thl-
aspi caerulescens and quantitative trait loci analysis of zinc
accumulation. New Phytol 170:21–32
Becher M, Talke IN, Krall L, Krämer U (2004) Cross-species
microarray transcript proWling reveals high constitutive
expression of metal homeostasis genes in shoots of the zinc
hyperaccumulator Arabidopsis halleri. Plant J 37:251–268
Bernard C, Roosens N, Czernic P, Lebrun M, Verbruggen N
(2004) A novel CPx-ATPase from the cadmium hyperaccu-
mulator Thlaspi caerulescens. FEBS Lett 569:140–148
Bovet L, Eggmann T, Meylan-Bettex M, Polier J, Kammer P,
Marin E, Feller U, Martinoia E (2003) Transcript levels of
AtMRPs after cadmium treatment: induction of AtMRP3.
Plant Cell Environ 26:371–381
Chang S, Puryear J, Cairney C (1993) A simple and eYcient
method for isolating RNA from pine trees. Plant Mol Biol
Rep 11:113–116123
988 Planta (2007) 225:977–989Dunaeva M, Adamska I (2001) IdentiWcation of genes expressed
in response to light stress in leaves of Arabidopsis thaliana
using RNA diVerential display. Eur J Biochem 268:5521–
5529
Frey B, Keller C, Zierold K, Schulin R (2000) Distribution of Zn
in functionally diVerent leaf epidermal cells of the hyperaccu-
mulator Thlaspi caerulescens. Plant Cell Environ 23:675–687
Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved
method for high eYciency transformation of intact yeast
cells. Nucleic Acids Res 20:1425
Grotz N, Fox T, Connolly E, Park W, Guerinot ML, Eide D
(1998) IdentiWcation of a family of zinc transporter genes
from Arabidopsis that respond to zinc deWciency. Proc Natl
Acad Sci USA 95:7220–7224
Guo WJ, Bundithya W, Goldsbrough PB (2003) Characterization
of the Arabidopsis metallothionein gene family: tissue-spe-
ciWc expression and induction during senescence and in re-
sponse to copper. New Phytol 159:369–381
Hammond JP, Bowen HC, White PJ, Mills V, Pyke KA, Baker
AJM, Whiting SN, May ST, Broadley MR (2006) A compar-
ison of the Thlaspi caerulescens and T. arvense shoot tran-
scriptomes. New Phytol 170:239–260
Heidenreich B, Mayer K, Sandermann HJ, Ernst D (2001) Mer-
cury-induced genes in Arabidopsis thaliana: identiWcation of
induced genes upon long-term mercuric ion exposure. Plant
Cell Environ 24:1227–1234
Klein M, Geisler M, Suh SJ, Kolukisaoglu HU, Azevedo L, Plaza
S, Curtis MD, Richter A, Weder B, Schulz B, Martinoia E
(2004) Disruption of AtMRP4, a guard cell plasma mem-
brane ABCC-type ABC transporter, leads to deregulation of
stomatal opening and increased drought susceptibility. Plant
J 39:219–236
Klein M, Burla B, Martinoia E (2006) The multidrug resistance-
associated protein (MRP/ABCC) subfamily of ATP-binding
cassette transporters in plants. FEBS Lett 580:1112–1122
Kobae Y, Uemura T, Sato MH, Ohnishi M, Mimura T, Nakagawa
T, Maeshima M (2004) Zinc transporter of Arabidopsis tha-
liana AtMTP1 is localized to vacuolar membranes and impli-
cated in zinc homeostasis. Plant Cell Physiol 45:1749–1758
Konno H, Nakato T, Nakashima S, Katoh K (2005) Lygodium ja-
ponicum fern accumulates copper in the cell wall pectin. J
Exp Bot 56:1923–1931
Krämer U, Cotter-Howells JD, Charnock JM, Baker AJM, Smith
JAC (1996) Free histidine as a metal chelator in plants that
accumulate nickel. Nature 379:635–638
Küpper H, Zhao FJ, McGrath SP (1999) Cellular compartmenta-
tion of zinc in the leaves of the hyperaccumulator Thlaspi
caerulescens. Plant Physiol 199:305–311
Liang P, Pardee AB (1992) DiVerential display of eukaryotic
messenger RNA by means of the polymerase chain reaction.
Science 257:967–971
Lin JF, Wu SH (2004) Molecular events in senescing Arabidopsis
leaves. Plant J 39:612–628
Ma JF, Ueno D, Zhao FJ, McGrath SP (2005) Subcellular locali-
sation of Cd and Zn in the leaves of a Cd-hyperaccumulating
ecotype of Thlaspi caerulescens. Planta 220:731–736
Mandaokar A, Kumar VD, Amway M, Browse J (2003) Micro-
array and diVerential display identify genes involved in jasm-
onate-dependent anther development. Plant Mol Biol
52:775–786
Meerts P, Van Isacker N (1997) Heavy metal tolerance and accu-
mulation in metallicolous and non-metallicolous populations
of Thlaspi caerulescens from continental Europe. Plant Ecol
133:221–231
Ortiz DF, Kreppel L, Speiser DM, Scheel G, McDonald G, Ow
DW (1992) Heavy metal tolerance in the Wssion yeast
requires an ATP-binding cassette-type vacuolar membrane
transporter. EMBO J 11:3491–3499
Papoyan A, Kochian LV (2004) IdentiWcation of Thlaspi caerules-
cens genes that may be involved in heavy metal hyperaccu-
mulation and tolerance. Characterization of a novel heavy
metal transporting ATPase. Plant Physiol 136:3814–3823
Peer WA, Mamoudian M, Lahner B, Reeves RD, Murphy AS,
Salt DE (2003) Identifying model metal hyperaccumulating
plants: germplasm analysis of 20 Brassicaceae accessions
from a wide geographical area. New Phytol 159:421–430
Pence NS, Larsen PB, Ebbs SD, Letham DL, Lasat MM, Garvin
DF, Eide D, Kochian LV (2000) The molecular physiology
of heavy metal transport in the Zn/Cd hyperaccumulator
Thlaspi caerulescens. Proc Natl Acad Sci USA 97:4956–4960
Plessl M, Rigola D, Hassinen V, Aarts MGM, Schat H, Ernst D
(2005) Transcription proWling of the metal hyperaccumula-
tor Thlaspi caerulescens (J. & C. Presl). Z Naturforsch C
60:216–223
Postle K, Kadner RJ (2003) Touch and go: tying TonB to trans-
port. Mol Microbiol 49:869–882
Rigola D, Fiers M, Vurro E, Aarts MGM (2006) The heavy metal
hyperaccumulator Thlaspi caerulescens expresses many spe-
cies-speciWc genes, as identiWed by comparative expressed
sequence tag analysis. New Phytol 170:753–766
Roosens NH, Bernard C, Leplae R, Verbruggen N (2004) Evi-
dence for copper homeostasis function of metallothionein
(MT3) in the hyperaccumulator Thlaspi caerulescens. FEBS
Lett 577:9–16
Roosens NH, Leplae R, Bernard C, Verbruggen N (2005) Varia-
tions in plant metallothioneins: the heavy metal hyperaccumu-
lator Thlaspi caerulescens as a study case. Planta 222:716–729
Sarret G, Saumitou-Laprade P, Bert V, Proux O, Hazemann JL,
Traverse A, Markus MA, Manceau A (2002) Forms of zinc
accumulated in the hyperaccumulator Arabidopsis halleri.
Plant Physiol 130:1815–1826
Schmohl N, Pilling J, Fisahn J, Horst WJ (2000) Pectin methylest-
erase modulates aluminium sensitivity in Zea mays and Sola-
num tuberosum. Physiol Plant 109:419–427
Shen ZG, Zhao FJ, McGrath SP (1997) Uptake and transport of
zinc in the hyperaccumulator Thlaspi caerulescens and the
non-hyperaccumulator Thlaspi ochroleucum. Plant Cell
Environ 20:898–906
Suzuki N, Koizumi N, Sano H (2001) Screening of cadmium-
responsive genes in Arabidopsis thaliana. Plant Cell Environ
24:1177–1188
Thomsen LE, Olsen JE, Foster JW, Ingmer H (2002) ClpP is in-
volved in the stress response and degradation of misfolded
proteins in Salmonella enterica serovar Typhimurium.
Microbiology 148:2727–2733
Tommasini R, Vogt E, Fromenteau M, Hortensteiner S, Matile P,
Amrhein N, Martinoia E (1998) An ABC-transporter of
Arabidopsis thaliana has both glutathione-conjugate and
chlorophyll catabolite transport activity. Plant J 13:773–780
Toorop PE, Barroco RM, Engler G, Groot SP, Hilhorst HW
(2005) DiVerentially expressed genes associated with dor-
mancy or germination of Arabidopsis thaliana seeds. Planta
221:637–647
Vacchina V, Mari S, Czernic P, Marques L, Pianelli K, Schaum-
löVel D, Lebrun M, Lobinski R (2003) Speciation of nickel in
a hyperaccumulating plant by high-performance liquid chro-
matography-inductively coupled plasma mass spectrometry
and electrospray MS/MS assisted by cloning using yeast com-
plementation. Anal Chem 75:2740–2745
Weber M, Harada E, Vess C, Roepenack-Lahaye E, Clemens S
(2004) Comparative microarray analysis of Arabidopsis tha-
liana and Arabidopsis halleri roots identiWes nicotianamine123
Planta (2007) 225:977–989 989synthase, a ZIP transporter and other genes as potential met-
al hyperaccumulation factors. Plant J 37:269–281
Wemmie JA, Szczypka MS, Thiele DJ, Moye-Rowley WS (1994)
Cadmium tolerance mediated by the yeast AP-1 protein re-
quires the presence of an ATP-binding cassette transporter-
encoding gene, YCF1. J Biol Chem 269:32592–32597
van der Zaal BJ, Neuteboom LW, Pinas JE, Chardonnens AN,
Schat H, Verkleij JA, Hooykaas PJ (1999) Overexpression of
a novel Arabidopsis gene related to putative zinc-transporter
genes from animals can lead to enhanced zinc resistance and
accumulation. Plant Physiol 119:1047–1055
Zhang H, Zhang R, Liang P (1996) DiVerential screening of gene
expression diVerence enriched by diVerential display. Nucle-
ic Acids Res 24:2454–2455
Zheng B, Halperin T, Hruskova-Heidingsfeldova O, Adam Z,
Clarke AK (2002) Characterization of chloroplast Clp pro-
teins in Arabidopsis: localization, tissue speciWcity and stress
responses. Physiol Plant 114:92–101
Zhou J, Goldsbrough PB (1994) Functional homologues of fungal
metallothionein genes from Arabidopsis. Plant Cell 6:875–
884123
